We compared cleavage efficiencies of mono-molecular and bipartite model RNAs as substrates for RNase P RNAs (M1 RNAs) and holoenzymes from E.coli and Thermus thermophilus, an extreme thermophilic eubacterium. Acceptor stem and T arm of pre-tRNA substrates are essential recognition elements for both enzymes. Impairing coaxial stacking of acceptor and T stems and omitting the T loop led to reduced cleavage efficiencies. Small model substrates were less efficiently cleaved by M1 RNA and RNase P from T.thermophilus than by the corresponding E.coli activities. Competition kinetics and gel retardation studies showed that truncated tRNA substrates are less tightly bound by RNase P and M1 RNA from both bacteria. Our data further indicate that (pre-)tRNA interacts stronger with E.coli than T.thermophilus M1 RNA. Thus, low cleavage efficiencies of truncated model substrates by T.thermophilus RNase P or M1 RNA could be explained by a critical loss of important contact points between enzyme and substrate. In addition, acceptor stem -T arm substrates, composed of two synthetic RNA fragments, have been designed to mimic internal cleavage of any target RNA molecule available for base pairing.
INTRODUCTION
Ribonuclease P (RNase P) cleaves precursor tRNAs at the 5'-end of mature tRNAs. RNA components of RNase P from eubacteria were shown to be catalytically active in the absence of the protein subunit (1) . So far, catalysis by RNA subunits from eukaryotic nuclear, mitochondrial, or archaebacterial RNase P enzymes has not been reported in the absence of associated proteins.
Recognition elements important for catalysis by E.coli RNase P have been localized to the top and back of the tRNA structure, involving acceptor stem, T stem and T loop (2, 3, 4) . In principle, truncated tRNAs only comprising acceptor stem, T arm and CC-A terminus can be cleaved by E.coli RNase P (2) . One-nucleotide deletions or exchanges in the T loop of a tRNA lacking the D arm were shown to be of marginal influence on cleavage activity (2) . However, variations of this kind were not analyzed in the context of minimal substrates that are reduced to acceptor stem and T arm. Such RNAs are particularly sensitive to nucleotide exchanges since changing of the CCA terminal sequence to GCA or AC A led to insignificant cleavage by E.coli Ml RNA or RNase P (2) . Substrates composed of two RNAs forming an extended acceptor stem with a CCA terminus (5) were used to cleave mRNA in vitro by E.coli RNase P (6) .
For ribozyme applications in vivo it is important to evaluate cleavage efficiencies of such bipartite minimal substrates since they have to compete with the pool of premature and mature tRNAs for RNase P binding. As a prerequisite for general ribozyme strategies based on RNase P it has to be analyzed whether substrate requirements determined for cleavage by E. coli RNase P can be applied to other RNase P activities. For example, studies on RNase P from Saccharomyces cerevisiae indicate that any perturbations of the pre-tRNA tertiary structure, including the intron sequences, can impair cleavage (7) .
We investigated requirements for efficient cleavage of monomolecular and bipartite substrates by Ml RNAs and RNase P holoenzymes from T.thermophilus and E.coli. Substrate RNAs were obtained by T7 transcription or chemical synthesis of up to 57 nucleotides in length. We used partially purified holoenzyme activities instead of reconstituted ribonucleoprotein particles, since the former imitate closely in vivo conditions. We analyzed minimal structural requirements for cleavage of target RNAs at internal locations by E.coli and T.thermophilus Ml RNAs and holoenzymes.
MATERIALS AND METHODS

Enzymes and reagents
Enzymes were purchased from Boehringer Mannheim, Pharmacia, New England Biolabs and Bethesda Research Laboratories. Radioactive nucleotides were obtained from Amersham, chemicals for DNA synthesis from Applied Biosystems. For RNA work, buffers and salt solutions were vigorously stirred or vortexed with 0.1% diethylpyrocarbonate for 30 min and autoclaved.
Bacterial strains
T. thermophilus HB8 cells (ATCC 27634) were grown at 70 to 75°C in medium D, as previously described (8) , supplemented with 5g of tryptone (Difco Laboratories), 4g of yeast extract, Figure 1 . Secondary structures of model substrates for RNase P RNA subunits and holoenzymes from E.coli and T.thermophilus. The pre-tRNA G| y (A) and the 66-nt RNA of substrate G were obtained by T7 transcription. All other RNAs were chemically synthesized. The pre-tRNA G| y, encoded in the two 23S-5S rRNA operons of T.thermophilus, carries its naturally occurring 5'-and 3'-flanking sequences (17) . Substrate RNA F was also analyzed in earlier studies (2) RNA H is based on the sequence of an initiator-tRNAMet of Xenopus laevis (22) and carries the natural 5'-flank of the primary transcript. The CCA terminus, which is absent from the primary transcript, has been added since it is important for cleavage by E.coli RNase P (2).
2g of NaCl and lg of glucose per liter. E.coli X90 (9) cells were grown in LB broth at 37 °C.
Synthesis of DNA and RNA oligonucleotides
Deoxyoligonucleotides used for sequencing were produced by the phosphoramidite method (10) as described previously (11) . Ribooligonucleotides used for RNase P studies were either synthesized by T7 transcription (12) or chemically by the phosphoramidite method (Bald etal., manuscript in preparation).
Preparation of RNase P RNAs and pre-tRNAs E.coli and T.thermophilus RNase P RNAs (Ml RNAs) were transcribed from the T7 expression plasmids pJA2 (13) , linearized with Fokl, and pT7MlHB8 (14) linearized with Narl. PretRNA T y r was transcribed from the plasmid pUC19 T >"T digested with Fokl (14, 15) . The pre-tRNA G| y ( Fig. 1 A) and the 66-mer (Fig 1 G) were transcribed from PCR amplified T7 templates (see below). Transcription with T7 RNA polymerase (Gibco/BRL) was performed as recommended by the manufacturer, using [a- 32 P]CTP for the preparation of radioactive transcripts. Transcription assays were extracted with phenol/chloroform (1:1) followed by ethanol precipitation. Products were purified by electrophoresis in polyacrylamide gels (5% for RNase P RNAs, 10% for pre-tRNAs and 66-mer) containing 8 M urea. Non-radioactive RNAs were detected by UV-shadowing, and radioactive RNAs were localized by autoradiography. Bands were excised from gels and eluted overnight at 4°C in elution buffer (0.5 M ammonium acetate pH 4.8, 10 mM magnesium acetate and 0.1 mM EDTA) treated with DEPC, followed by ethanol precipitation.
Partial purification of holoenzyme activities E.coli X90 and T.thermophilus HB8 cells were harvested at OD600 = 1.0 and lysed by grinding with alcoa (16) . The lysate was suspended in buffer A [50 mM glycine/NaOH pH 7.5, 10 mM magnesium chloride, 100 mM ammonium chloride, 1 mM DTE, 0.1% (v/v) /3-mercaptoethanol and 4 iM PMSF]. S30 supernatants (10 ml), prepared from 3 g cells harvested at midlogarithmic growth phase, were chromatographed on a DEAE Sepharose Fast Flow (Pharmacia) column (8 cm height, 1.6 cm diameter) equilibrated with buffer A. Elution was performed with a 128 ml gradient of NH 4 C1 from 0.1 to 0.5 M in buffer A. Both RNase P activities eluted between 0.4 and 0.5 M NH 4 C1.
PCR amplification
The tRNA G1 y ( Fig. 1 A) is encoded in both 23S-5S rRNA operons of T.thermophilus (17) . DNA fragments encoding the pre-tRNA G 'y and the 66-mer (Fig. 1 G) were amplified by PCR using a 337 bp Rsal fragment from plasmid pTT675 (17) as template. PCR primers for the 5'-regions contained 17 nucleotides of T7 promoter sequence followed by 20 nucleotides complementary to the template, i. e. 5'-TAATACGACTCAC-TATAGGATTTTCCCTTTCGCGGGA-3' for the pre-tRNA G 'y and 5 '-TAATACGACTCACTATAGGTCGGTAGAGCACG-ACCTT-3' for the 66-mer. The primer for the 3'-region, 5'-TATTGGAGCGGGAGACGGGA-3', was identical for pretRNA G| y and 66-mer.
RNase P cleavage assays Ml RNAs and 32 P-labeled substrates were incubated at 37°C {E.coli Ml RNA) or 55°C {T.thermophilus Ml RNA) in 50 mM glycine/NaOH pH 7.5, 100 mM MgCl 2 , 100 mM NH4CI, 4% PEG 6000 (Merck) and 0.5% (w/v) SDS in a volume of 10-20 pi. Reactions were stopped by adding 5 pg of bulk E.coli tRNA, 6.7 /il 3 M sodium acetate pH 5.0, water to 100 p\ and 2.8 volumes of ethanol. RNAs were recovered after ethanol precipitation at -20°C overnight. Holoenzyme assays were incubated at 37°C {E.coli RNase P) or 55°C {T.thermophilus RNase P) in 50 mM glycine/NaOH pH 7.5, 10 mM MgCl 2 and 100 mM NH4CI in 10-20 pi. Reactions were stopped by adding bulk E. coli tRNA (5 pg) and increasing the volume with water to 100 pi, followed by phenol-chloroform (1:1) extraction and ethanol precipitation. Cleavage products were separated on polyacrylamide-8 M urea gels and visualized by autoradiography. Radioactive bands were excised from the gel and Cerenkov counted. For kinetic experiments, assay volumes were increased to 60 or 120 pi, and aliquots of 10 or 20 p\ were withdrawn at different time points.
5-labeling of RNA oligonucleotides.
RNA oligonucleotides were labeled with 32 P at their 5'-OH ends using T4 polynucleotide kinase and [7- 32 P]ATP (18) .
Gel retardation analysis
32
P-labeUed pre-tRNA
01
? or 52-mer and E.coli Ml RNA were preincubated in 50 mM Tris-acetate pH 7.5, 100 mM Mg-acetate, 100 mM NH4-acetate at 37°C for 5 min in a total volume of 10 p\. 1 p\ of sample buffer (40% glycerol, 0.5XTBE, traces of bromphenolblue and xylencyanolblue) was added and samples were loaded on a 5% polyacrylamide gel. Electrophoresis was performed at 37°C for 6-12 h at 6 W under buffer conditions as used for the preincubation, followed by autoradiography.
RESULTS
The tRNA G| y, a typical class I tRNA encoded in the two 23S-5S rRNA operons of T.thermophilus HB8 (17), was synthesized with a 5'-flank of 14 nucleotides by T7 RNA polymerase ( Fig. 1 A) . Rvalues for the cleavage of pre-tRNA G1 y by Ml RNAs and holoenzyme activities from E.coli and T.thermophilus are very similar (Table I) , which is in accordance with data previously reported for E.coli Ml RNA and RNase P (2, 15) . Cleavage rates at saturating pre-tRNA G 'y concentrations {kcai) differed for Ml RNAs from E.coli {k^ = 0.3) and T.thermophilus {k^ = 1.5).
Cleavage of truncated pre-tRNA G| y substrates Based on the sequence of the pre-tRNA 01 *, we chemically synthesized RNA substrates, only consisting of 5'-flank, acceptor stem, T arm and CCA terminus ( Fig. 1 B and C, 57-mer and 52-mer). In Fig. 2 , the site specificity of cleavage by T.thermophilus Ml RNA is shown for the 52-mer (Fig. 1 C) . As the parental pre-tRNA G 'y, the 52-mer is predominantly cleaved between positions -1 and +1 ( Fig. 1 A, arrow) with Nucleic Acids Research, 1992, Vol. 20, No. 22 5965 only a minor proportion (less than 3%) of substrate molecules cleaved between positions +2 and +1 (Fig. 2) .
The 57-mer differed from the 52-mer in that a bulge of five nucleotides interrupted the 13 bp stem on the 5'-side at the imaginary junction of acceptor and T stems. In the 52-mer a continuous helix, simulating coaxially stacked acceptor and T stems, was expected to form. The predicted secondary structures of both RNAs ( Fig. 1 B and C) were confirmed by employing single-strand specific ribonucleases (19) and Pb ++ induced cleavage. Significant structural differences could not be observed either at 37°C or 55°C (unpublished data). Pb ++ ions cause phosphodiester bond breakages in single-stranded, unstructured regions, whereas helical regions are essentially resistant to hydrolysis (20, 21) . We analyzed cleavage rates for the 57-mer and 52-mer using Ml RNAs and holoenzyme activities from the two bacteria. The 52-mer was cleaved more efficiently with all four activities (Table II, Fig. 3 ). Kinetics were performed using 100 nM Ml RNA and 400 nM of substrate RNAs, except for cleavage of precursor tRNA G| y (ptRNA G1 y) by T.thermophilus Ml RNA, which was assayed at 10 nM Ml RNA. Cleavage rates were deduced from the linear range of curves and normalized to the rate of ptRNA To study whether secondary structure itself is the determinant for cleavage of substrates as the 52-mer (Fig. 1 C) , we synthesized the 39-mer (Fig. 1 H) . This RNA, displaying essentially the same secondary structural features as the 52-mer, based on the sequence of the initiator-tRNAMet from Xenopus laevis (22) . Surprisingly, this RNA was cleaved by E.coli Ml RNA as efficaciously as the 52-mer (Table II) , but was far less efficiently cleaved by the E.coli holoenzyme (Fig. 3) .
The cleavage rate for intact pre-tRNA Glv was higher in the reaction catalyzed by T.thermophilus Ml RNAs compared to E.coli Ml RNA (Tables I and II) . However, hairpin substrates ( Fig. 1 B, C and H) were cleaved more efficiently by activities from E.coli than T.thermophilus (Fig. 3, Table H ). Conclusively, T.thermophilus RNase P is more sensitive to truncations of the intact tRNA structure.
Cleavage of small bipartite RNAs by Ml RNAs
Chemically synthesized RNAs, 21 and 27 nucleotides in size, which could form a hybrid acceptor stem with an RNA 31 nucleotides in length, were designed to form bipartite substrates ( Fig. 1 D and E) identical in sequence to the 52-mer. The 21-mer as well as the 27-mer were cleaved in the presence of the 31 -mer by E.coli Ml RNA and by T.thermophilus Ml RNA at 55°C, although less efficiently, yielding in all cases the intact 5'-endlabeled 14-nt fragment (Fig. 4) . Surprisingly, extension of the 21-mer beyond the 7-bp hybrid-acceptor stem (substrate E, Fig. 1 ) did not impair cleavage efficiency, indicating that appropriate stacking of acceptor and T stem is unaffected by the RNA chain extricating from the helical region. Conclusively, one important prerequisite for internal cleavage of arbitrary RNAs in vitro and in vivo is fulfilled. Omission of the T loop in a bipartite substrate (Fig. 1 F) , which was proposed by Forster and Altmann (5) and employed for in vitro cleavage of mRNA (6), led to low cleavage by Ml RNAs (Table II) and holoenzyme activities (Fig. 3) in our assays.
Cleavage of a bipartite tRNA-like substrate by Ml RNAs
To improve cleavage efficiencies of bipartite substrates for RNase P from T.thermophilus, we synthesized a 66-nt RNA by T7 transcription, which had the potential to form a bipartite tRNA G| y by interaction with the 27-mer (substrate G, Fig. 1 ). In the hybrid, the first D loop base was changed to a guanine carrying two additional phosphates. Formation of the substrate would involve additional base pairing interactions between the two RNAs in the hybrid D stem, thus increasing selectivity of hybrid formation for in vivo cleavage strategies. Combining 27-mer and 66-mer (Fig. 1 G) , we observed a fourfold increase in the cleavage rate by M1 RNA from T. thermophilus compared to substrates C and E (Table II) . In contrast, no increased cleavage i-52-mer -, ,-21-mer -, r-27-mer (Fig. 1 C) and bipartite model substrates D and E (21-mer and 27-mer, Fig. 1 6 and 10) T.thermophilus Ml RNA for 1 h at 55°C, or with 7 pmole (lanes 3, 7 and 11) or 2 pmole (lanes 4, 8 and 12) E.coli Ml RNA for 1 h at 37°C. (Fig. 1 ) by E.coli Ml RNA at different molar ratios of 31-mer or 66-mer to 27-mer (molar excess). Assay conditions: 4 pmoles of 27-mer were incubated with 4 pmole of E.coli Ml RNA at 37 °C for 1 h in a total volume of 20 jd. efficiency compared to the small bipartite substrate E was observed with Ml RNA from E.coli (Table II) . Since cleavage reactions were performed at 55°C with T.thermophilus Ml RNA, but at 37°C with E.coli Ml RNA, more 66-mer than 31-mer might have been in a conformation unfavourable for hybrid formation in the reaction catalyzed by E.coli RNase P RNA. However, when molar ratios of 31-mer and 66-mer to 27-mer were varied in the reaction catalyzed by E.coli Ml RNA, similar curves were obtained reaching a plateau at a 20:1 molar ratio over 27-mer (Fig. 5) . This implies similar kinetics of hybrid formation for 66-mer and 31-mer at 37°C. Preincubation of 66-mer with 27-mer for 5 minutes at 80°C followed by slow cooling prior to cleavage did not improve efficiency of cleavage by Ml RNAs (data not shown). Since we could not exclude that the two additional phosphates at the 5'-end of the 66-mer might have interfered with crucial D and T loop interactions in substrate G (Fig. 1) , we dephosphorylated the 66-mer. Again, no significant differences in cleavage efficiencies of the 27-mer in the presence of phosphorylated or dephosphorylated 66-mer were observed in the reactions catalyzed by RNase P RNAs (data not shown). Although the adenine to guanine exchange at the first D loop position (Fig. 1 A versus G) might weaken the tertiary interaction with the uridine (nucleotide 8 of mature tRNA Gly , Fig. 1 A) as encountered in yeast tRNAPhe (23), we think it unlikely to be the main reason for inefficient cleavage by Ml RNAs (Table II) compared to intact pre-tRNA G 'y. We conclude that 27-mer and 66-mer do not form correctly folded pretRNA G| y-like molecules. This notion is supported by recent data which showed that a tRNAPhe with a backbone break at the first D loop base was cleaved to a reduced extent by lead ions (24) , which is indicative of defective folding. However, increased cleavage efficiency of substrate G versus E in the reaction catalyzed by T.thermophilus Ml RNA ( Table II ) again implies that this catalytic RNA, compared to the E.coli counterpart, requires additional recognition elements beyond acceptor stem and T arm for efficacious cleavage. r by E.coli RNase P. The latter precursor tRNA from E.coli was used in studies of E.coli RNase P (15). The 52-mer (Fig. 1, substrate C) showed only a slightly reduced cleavage efficiency (70%) compared to the reference pretRNA 7^ (100%) and pre-tRNA 01 ? (75%), and even the bipartite substrate E (Fig. 1) gave still approximately 10% activity in the reaction catalyzed by the E.coli holoenzyme (Fig. 3) . As mentioned earlier, the 39-mer (Fig. 1 H) was cleaved very weakly. The failure to cleave the 27-mer in the presence of the 66-mer (Fig. 5) again indicated that the two RNAs (Fig. 1 G) did not fold into the expected tRNA-like structure.
Cleavage of model substrates by RNase P holoenzymes
The 52-mer was only a poor substrate for the T.thermophilus holoenzyme (Fig. 3) , although derived from a tRNA of the same organism. Cleavage of the 57-mer was further decreased (Fig. 3) , and processing of the 39-mer could not be observed in our assay. We were unable to detect any cleavage of the 21-nt or 27-nt RNAs by the T.thermophilus holoenzyme (Fig. 3) , neither in the presence of the 31-mer nor the 66-nt RNA (Fig. 1, substrates D, E and G).
Inhibition of 52-mer cleavage by pre-tRNA
01
? and gel retardation studies Recently it has been shown that mature tRNA is a competitive inhibitor of pre-tRNA cleavage (25), i.e. pre-tRNAs and mature tRNAs occupy the same binding sites on eubacterial Ml RNAs. We analyzed cleavage rates of 32 P-labelled 52-mer (Fig. 1 C) with either cold 52-mer or pre-tRNA G 'y in excess. Fig. 6 shows that cleavage rates of 32 P-labeled 52-mer are decreased when excess cold 52-mer is replaced by equal amounts of excess pretRNA. Thus, intact (pre-)tRNA, compared to the 52-mer, binds with higher affinity to Ml RNAs and E.coli RNase P. This is supported by the gel retardation analysis performed with E.coli Ml RNA (Fig. 7) , which revealed tRNA-Ml RNA complex formation at a 2:1 molar ratio of Ml RNA and tRNA, whereas no complex at all was seen with the 52-mer even at a 100-molar excess of E.coli Ml RNA (Fig. 7) . Gel retardation has been successfully used to measure equilibrium dissociation constants for substrates and products of the Tetrahymena ribozyme (26).
In conclusion, binding of the 52-mer to E.coli Ml RNA and by inference to RNase P, although strongly reduced compared to the intact tRNA ( Fig. 6 and 7) , is still specific enough to permit Figure 6 . Inhibition of 52-mer ( Fig. 1 C) cleavage by pre-tRNA G| y. Cleavage of 32 P-labeled 52-mer (40 nM) was analyzed in the presence of 360 nM unlabelled 52-mer (D) or 360 nM unlabelled pre-tRNA°'y (•). Assays were performed with either 100 nM E.coli Ml RNA or T.thermophilus Ml RNA, or 3 it\ of the E.coli holoenzyme fraction per 10 /il assay volume. Results of an inhibition assay using the T.thermophilus holoenzyme fraction, although similar as for the T.thermophilus M1 RNA, are not shown since product formation was low even in the absence of pre-tRNA 01 )'. Therefore, product quantifications were prone to error. relatively high cleavage rates, particularly with the holoenzyme (Fig. 3, Table II ).
For T.thermophilus Ml RNA we were unable to demonstrate a complex between tRNA and Ml RNA by gel retardation analysis at temperatures between 20° and 60°C. We conclude that the enzyme-tRNA interaction is weaker in the reaction catalyzed by T.thermophilus Ml RNA compared to the E.coli ribozyme. This is at least partly attributable to the higher assay temperature of 55°C for T.thermophilus Ml RNA compared to E.coli Ml RNA (37°C). The weaker (pre)-tRNA interaction with the thermostable ribozyme also explains why the inhibition of 32 P-labeled 52-mer cleavage by pre-tRNA 01 * in Fig. 6 is less pronounced with T. thermophilus M1 RNA compared to E. coli activities. Therefore, in the context of a per se weak interaction between tRNA and T.thermophilus Ml RNA, lower cleavage efficiencies of truncated model substrates by T.thermophilus Ml RNA and RNase P (Table II, Fig. 3) can be explained by a critical loss of important contact points. We like to mention that cleavage of the 52-mer by T.thermophilus Ml RNA is not significantly affected by 4 M urea, whereas cleavage of pre-tRNA Gly is reduced 50-fold under these conditions (data not shown). Since urea is expected to destabilize RNA tertiary structures, this suggests less complex structural requirements for the catalytic RNA to interact with the 52-mer compared to the tRNA.
DISCUSSION
Main contact sites between RNase P and tRNA substrates have been localized by modification interference studies along the top and back of coaxially stacked acceptor stem and T stem as well as in the T loop at the 'corner' of L-shaped tRNAs (3, 4) . We have shown that a rigid continuous helical arrangement of acceptor stem and T stem in the 52-mer improves cleavage efficiency, compared to the 57-mer with a bulge of five nucleotides inserted into the 5'-site at the imaginary junction of acceptor stem and T stem ( Fig. 1 B, Fig. 3 , Table II) . Conspicuously, the 57-mer still displayed considerable processing efficiency, particularly with E.coli RNase P (Fig. 3) , thus documenting an impressive flexibility of the enzyme substrate interaction. Significant processing of the 57-mer is consistent with a model that depicts the bulge being turned away from the side of the helix where contacts between substrate and enzyme take place (4) . Similarly, non-tRNA-like structural elements of a pseudoknotted tRNA-like RNA from turnip yellow mosaic virus, which is cleaved by E.coli RNase P, are turned away from the tRNA-simulating top and back (27) . It has been previously inferred from electrophoretic mobility studies that bulges, as in DNA helices, induce marked kinks into RNA helices (28) .
Therefore, kinking between acceptor stem and T stem imposed by the bulge is likely to be the reason for impaired cleavage of the 57-mer. Our results support the idea that the enzyme bears multiple contact sites from the T loop to the 5'-end of the acceptor stem. The local geometry of these contact sites is best accounted for when acceptor and T helices adopt the rigid and elongated, coaxially stacked shape as in natural tRNAs.
The 39-mer, identical to the 52-mer on the secondary structure level, but based on the sequence of an initiator-tRNAMet from Xenopus laevis (Fig. 1 H) , was cleaved as efficiently as the 52-mer by E.coli Ml RNA (Table H) , but very weakly by the E.coli holoenzyme (Fig. 3) . This documents that subtle changes in helix geometry, T loop conformation or loss of primary sequence-specific enzyme-substrate contacts have to be considered as factors influencing cleavage efficiency in the reaction catalyzed by E.coli RNase P. For example, the T loop of the 52-mer can form an intra-loop A-U base pair of the 'reverse Hoogsteen' type as found in yeast tRNA Phe (T^-m'Asg; 29), whereas an analogous intra-T loop base pair could only be formed between the second and sixth T loop base in the 39-mer, thus shifted by one position compared to the 52-mer. This will be further analyzed by using hybrid substrates containing the T loop sequence of the 39-mer and the remainder of the 52-mer and vice versa, as well as by studying related substrates with variations in the upper part of the acceptor stem. The importance of the acceptor stem structure for cleavage efficiency and cleavage site selection has already been shown in several studies (30) (31) (32) (33) .
In principle, the hierarchies of cleavage efficiencies of model substrates were very similar for Ml RNAs and holoenzymes (Table II, Fig. 3 ). This and the fact that K M -values for Ml RNAs and holoenzymes are essentially the same (Table I; 2, 15, 34) support the view that the substrate binding pocket displays an equal topology in the presence and absence of the protein subunit, and by inference, is expected to be essentially composed of RNA (34) .
For the bipartite analog of the 52-mer (Fig. 1 E) we observed approximately 10% cleavage activity compared to pre-tRNA substrates in the reaction catalyzed by the E.coli holoenzyme (Fig. 3) . The 27-nt RNA of substrate E (Fig. 1) simulates an internal site of an arbitrary target RNA (Fig. 8) . Based on our results and those published recently (6), the specific inactivation of a mRNA in vivo appears feasible at least for the E. coli system. Ribozyme strategies based on RNase P have several advantages. The enzyme is an endogenous and stable activity in all cell types and organelles. Once bipartite tRNA-like substrates have formed, cleavage is performed by an enzyme that is characterized by high catalytic rates in order to process large quantities of natural precursor tRNAs. Furthermore, the inherent stability of tRNA molecules may also be valid for bipartite analogs. For designing tRNA-like substrates, we can fall back upon the most comprehensive set of structural data hitherto collected for RNA molecules.
Bipartite substrates of the type shown in Fig. 1 E can be used for in vitro processing purposes (Fig. 8) . RNAs are cleaved at a single internal phosphodiester bond (Fig. 2 and 4) . Therefore, cleavage products are more defined compared to RNase H approaches, where several consecutive strand scissions have to be envisaged, and there are no sequence requirements as the GUX motif in case of hammerhead ribozymes. In vitro processing of transcripts carrying a hammerhead domain at the 3'-end has been described (35) , but in this case RNA products carried 2', 3'-cyclic phosphate termini which are unfavourable for applications that require an intact 3'-OH terminus, e. g. 3'-end-labeling with T4 RNA ligase.
If internal structures of the target RNA impair hybrid formation, cleavage can be performed in vitro with T.thermophilus Ml RNA at 55°C. The catalytic RNA can be synthesized in large amounts from a T7 expression vector (14) . Performing cleavage with excess Ml RNA can compensate for lower cleavage efficiencies. The adapter RNA or 'external guide RNA' (5) forming the hybrid acceptor stem with the target RNA can be chemically synthesized or obtained by T7 trancription of deoxyoligonucleotide cassettes (12, 36) .
In our assay, bipartite substrate F (Fig. 1) , which lacks the T loop, was cleaved less efficiently than substrates including the T loop ( Fig. 1 E and D, Fig. 3 , Table II ). However, cleavage of the same substrate was demonstrated by Forster and Altmann (5), and substrates related to this, forming an extended acceptor stem up to 21 bp and including a single-stranded ACCA terminus, were used to cleave mRNA in vitro (6) .
Competition kinetics and gel retardation studies ( Fig. 6 and  7) showed that truncated tRNA substrates are less tightly bound by Ml RNAs. Therefore, low cleavage efficiencies of hairpin RNAs (Table II) could be explained by reduced binding affinities between substrates and enzyme. This gives a plausible explanation for the sensitivity of such hairpin substrates to minor structural changes, as shown by McClain et al. (2) for the CCA terminus and shown in this report for cleavage of 39-mer versus 52-mer by E.coli RNase P (Fig. 3) . As outlined in the last part of the results section, there is evidence that T.thermophilus Ml RNA binds tRNA substrates less tightly than the E.coli enzyme. As a consequence, contact points between substrate and enzyme in truncated tRNA substrates as the 52-mer are critically reduced, which strongly lowers the number of specific and productive enzyme-substrate complexes. The T.thermophilus Ml RNA has a sharp activity optimum at 55°C (14) , at which the RNA is in best equilibrium with its active conformation. The elevated temperature of 55°C versus 37°C (used for E.coli Ml RNA) had no significant effect on the structure of the 52-mer and the 57-mer as mentioned at the beginning of the results section, although less efficient hybrid formation of the 27-mer and 31-mer at 55°C compared to 37°C can not be excluded. In addition, complex formation between tRNA and T.thermophilus Ml RNA could not be observed in the temperature range of 20°-60°C by gel retardation studies. Furthermore, the pre-tRNA 0^ was processed more rapidly by T.thermophilus Ml RNA than E.coli Ml RNA, whereas a reversed relation was seen with truncated tRNA Gly derivatives (Tables I and II) . In summary, these observations make it unlikely that low cleavage activities of truncated substrates by T.thermophilus Ml RNA at 55°C are due to partial denaturation of these RNAs. However, the data support our notion that the enzyme-substrate interaction is weaker than in the E.coli system. It remains to be elucidated whether the ability of E.coli RNase P to cleave substrates with substantial truncations of the tRNA structure is exceptional among naturally occurring RNase P enzymes. On the other hand this shows the evolutionary potential of RNase P, i.e. the selection of variants which can act on complex or more simple RNA structures.
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